Background: Verbal learning (VL) and fluency (VF) are prominent cognitive deficits in psychosis, of which the precise neuroanatomical contributions are not fully understood. We investigated the arcuate fasciculus (AF) and its associated cortical regions to identify structural abnormalities contributing to these verbal impairments in early stages of psychotic illness. Methods: Twenty-six individuals with recent-onset psychosis and 27 healthy controls underwent cognitive testing (MATRICS Consensus Cognitive Battery) and structural/diffusion-weighted MRI. Bilaterally, AF anisotropy and cortical thickness, surface area and volume of seven cortical regions were investigated in relation to VL and VF performance in both groups. Results: Reduced right superior temporal gyrus surface area and volume related to better VF in controls. In psychosis, greater right pars opercularis volume and reduced left lateralization of this region related to better VL, while greater right long AF fractional anisotropy and right pars orbitalis volume related to better VF, these findings not present in controls. Psychosis had reduced right pars orbitalis thickness compared to controls. Conclusion: Anatomical substrates for normal processing of VL and VF appear altered in recent-onset psychosis. A possible aberrant role of the right hemisphere arcuate fasciculus and fronto-temporal cortical regions in psychosis may contribute to deficits in VL and VF.
Introduction
Cognitive deficits are prevalent in early stages of psychosis, deficits of verbal cognition being the most consistent in the literature [1] , which may also be susceptible to further deterioration longitudinally [2] . In a previous study, we identified verbal learning and verbal fluency to remain persistently impaired compared to other cognitive domains four years subsequent to a first episode of psychosis [3] . These verbal deficits have been linked to functional outcome [4] and positive symptoms of the disorder [5, 6] and it is therefore vital to understand the precise neuroanatomical contributions of these cognitive impairments to assist in early diagnosis and targeted therapeutic interventions. In schizophrenia, structural and functional abnormalities have been found in language related brain regions such as the arcuate fasciculus (AF) [7] . This white matter tract is strongly implicated in verbal abilities as lesions to the AF have been linked with disorders of language such as conduction aphasia [8] . However, its involvement in verbal impairments in psychosis is not yet certain. [9] (Figure 1 ). Most DTI studies investigating the AF use a measure of white matter microstructural organization called Fractional Anisotropy (FA), which is limited by its inconsideration of voxels which include crossing fibres [10] . This study will employ a novel measure called hindrance modulated orientational anisotropy (HMOA) to study the AF, which addresses this limitation.
Reduced FA has been found bilaterally in the arcuate fasciculus in schizophrenia compared to healthy controls [11, 12] , although more consistently in the left tract exclusively, and has been associated with auditory verbal hallucinations (AVHs) [13] . The cortical terminations of the arcuate fasciculus includes the inferior frontal gyrus, consisting of pars triangularis, pars orbitalis and pars opercularis; the inferior parietal cortex consisting of angular and supramarginal gyri; and the superior, middle and inferior temporal gyri [14] . Greater cortical thickness in frontal, temporal and
THE ARCUATE FASCICULUS NETWORK AND VERBAL DEFICITS IN PSYCHOSIS
parietal language regions have been linked to better verbal abilities in healthy adults [15, 16] . While reduced thickness and functional activation in these areas have been found in schizophrenia [17, 18, 19] , evidence of cortical abnormalities has not been attributed directly to verbal deficits in psychosis. However, verbal performance has been associated with regions in the right hemisphere such as the inferior frontal gyrus and superior temporal gyrus in schizophrenia [17] . Therefore, this study aims to investigate if structural abnormalities are present in the AF and its associated cortical regions in individuals with psychosis and if these abnormalities are related to deficits of verbal cognitive performance in this group.
A secondary goal of the study is to examine asymmetry patterns of the AF network. The left hemisphere shows a prominence for language function [17, 20] . The long segment of the AF demonstrates a leftward asymmetry in healthy individuals [21, 22] and plays a dominant functional role in language [23] . The anterior AF tract has been found to predominantly present a rightward symmetry and a bilateral distribution is evident in the posterior segment [21] . Abnormalities in the asymmetry of the AF are suggested to occur in schizophrenia which may contribute to positive symptoms of the disorder [24] although findings are heterogeneous with some studies finding no abnormal laterality patterns [25] . Cortical asymmetries in the human brain are more subtle [26] . The most consistently reported left lateralized structure, the planum temporale (PT), [27, 28] , is implicated in language function and synonymous with a portion of Wernicke's region. Despite heterogeneous findings due to methodological inconsistencies, predominantly the PT appears to have reduced leftward asymmetry in schizophrenia [29, 30] and has been associated with clinical symptoms [31] .
Reduced left laterality has also been reported in the volume of the STG in schizophrenia and linked with cognitive deficits [19] . Therefore we aim to examine if reductions in the normal left asymmetry of the AF, and the language related cortical structures to which this tract projects to, contribute to verbal learning and verbal fluency deficits in psychosis. The majority of imaging studies investigating brain laterality employ measures of cortical surface area and cortical volume [29] . As cortical volume (CV) alone is not an optimal measure of asymmetry due it being a product of two independent measures, cortical thickness (CT) and surface area (CSA) [32] , this study will combine these three indices of cortical measurement in its analysis (CT, CSA, CV) and to our knowledge is the first study to do so in examining laterality patterns in schizophrenia.
Finally, FA of the AF has been positively associated with cortical thickness in regions such as superior and middle temporal gyrus, supramarginal gyrus and inferior frontal gyrus in healthy controls, more pronounced in the left hemisphere [33] .Therefore, we aim to extend this investigation in controls using HMOA, and also investigate the relationship in individuals with psychosis.
In summary, using structural and diffusion MRI, the current study aims to investigate microstructural organization of three segments of the arcuate fasciculus and the cortical thickness, volume and surface area of seven of its cortical terminations, to determine whether abnormalities in the structures or in the laterality patterns of these brain regions contribute to impairments in verbal learning and verbal fluency in psychosis. As many brain abnormalities in schizophrenia are small and subtle in nature [34] , segregated points along each AF segment will be additionally examined in relation to verbal cognition.
Specifically, we hypothesise that 1) individuals with psychosis will have reduced HMOA/FA in the AF and reduced cortical thickness in left frontal, temporal and inferior parietal lobes 
Methods and materials Participants
Twenty-six individuals with recent onset of psychotic illness and 27 healthy controls (HC), participated in the study (Table 1) . Participants underwent cognitive testing and MR scanning at first-presentation of illness and four years later (follow-up), the latter time-point, which to be impaired in schizophrenia [37] . Two cognitive tests from the battery, verbal learning (Hopkins Verbal Learning Test -Revised) and
verbal fluency (Category fluency: Animal fluency) were used in the current analyses (see [3] for description of cognitive tests).
MRI Acquisition
All 
Image processing and Quality Assessment -Diffusion Data
Explore DTI (version 4.8.4) was used to correct for motion and eddy current induced geometric distortions including rotation of the b-matrix to preserve the orientation information [38, 39] . Data quality was further assessed by visual inspection [40] . Whole brain tractography was carried out in ExploreDTI using the constrained spherical deconvolution (CSD) tracking algorithm [41] with recursive calibration of the response function [42] .
The three segments of the AF, long, anterior and posterior, were isolated based on a strict anatomical protocol [21] 
Statistics
All statistics were conducted using IBM SPSS [46] . ANCOVAs were used to identify any group 
Results

Group differences in verbal learning and verbal fluency
The 
Group Differences in Associated Cortices of the Arcuate Fasciculus and Relationship to Verbal Cognition
In support of hypothesis 1, in the right hemisphere, the individuals with psychosis had significantly reduced cortical thickness with the right pars opercularis specifically activated by tonal and pseudowords [48] .
Relationship between the Arcuate Fasciculus and Its Associated Cortices
Additionally, we report reduced thickness in the right pars orbitalis in the psychosis group, which has previously been reported in early stages of the illness [14] .
In healthy controls, a reduction in the be associated with decreased thickness in bilateral STG, among other language regions [53] . Contrasting to other studies where abnormal increases or decreases in FA of the AF have been found in schizophrenia [58, 11] 
